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Samples of nanostructured LixFePO4 with characteristic crystal sizes of 26 nm, and compositions of x ) 0.35
and 0.65, were synthesized by ball-milling and chemical delithiation. X-ray powder diffraction showed that
the solid solution phase started to form whenever two-phase materials were heated above 200 °C. The solid
solution phase of nanocrystalline Li0.65FePO4 was quick to form above 200 °C but did not unmix at lower
temperatures. Unmixing below 200 °C was found after long-time annealing of nanocrystalline Li0.35FePO4,
however, consistent with the equilibrium phase diagram of bulk LixFePO4. The stability of the solid solution
of nanocrystalline LixFePO4 is kinetic in origin, perhaps originating with effects of crystal surfaces.
Introduction
Olivine-structured LiFePO4 has been studied extensively since
it was first reported as a promising cathode material for
rechargeable Li batteries.1 In battery applications, the fractions
of LiFePO4(triphylite) and FePO4(heterosite) are changed during
lithium insertion and extraction. At high temperatures above
200 °C, there is a phase transformation in the LixFePO4 binary
system from a two-phase mixture of triphylite and heterosite to
a single solid solution phase of the same olivine structure, with
lithium ions randomly occupying Li sites.2 The phase diagram
was assessed both experimentally and theoretically.3,4 In related
work, phase boundaries of the unmixed phases at room
temperature were determined.5 A transmission electron micros-
copy (TEM) and in situ X-ray diffractometry (XRD) study
suggested a metastable LixFePO4 phase appeared during heating
and cooling.6 The LixFePO4 two-phase mixtures and solid
solutions were also investigated by Mo¨ssbauer spectrometry to
evaluate activation energies of Fe2+/Fe3+ valence fluctuations,
evidently coupled to Li+ ionic mobility.7-9
More recently, nanocrystalline LiFePO4 has attracted much
attention. Nanostructured LiFePO4 can be synthesized in various
ways.10-14 The phase boundary at room temperature was
reported to change with decreasing crystal size, as indicated by
electrochemical cycling and synchrotron XRD.15,16 On the
surfaces of carbon-free LiFePO4 40 nm crystals produced by
jet-milling, a thin amorphous layer was reported to help stabilize
the solid solution inside.11 A thermodynamic assessment sug-
gested that the surface energy of nanocrystals stabilizes the
disordered phase.17
In this work, we tested the stability of nanocrystalline solid
solutions and two-phase mixtures of LixFePO4 (x ) 0.35 and
0.65) at various temperatures. Compared to LixFePO4 with large
crystals, the unmixing transformation is slower in the nanoc-
rystalline material, making thermodynamic equilibrium more
difficult to achieve. Nevertheless, results from Li0.65FePO4
suggest, and results from Li0.35FePO4 show, that the equilibrium
temperature for the unmixing transformation is similar in bulk
and nanocrystalline materials.
Experimental Section
The LiFePO4 material was prepared by a solid-state reaction
with precursors of Fe(C2O4) in a molar ratio (1:1:0.5) as
described previously.18 These bulk-LiFePO4 powders were then
ball-milled in Fritsch Planetary Mono Mill for 2 h at 400 rpm
in Ar atmosphere to prepare samples of nano-LiFePO4. The two-
phase mixtures of bulk-Li0.65FePO4, nano-Li0.65FePO4, and nano-
Li0.35FePO4 were obtained by chemical delithiation using K2S2O8
as an oxidant.3 Heat treatments of all two-phase mixtures were
done by heating samples in vacuum-sealed glass ampules. Heat
treatment to form the solid solution was achieved by heating
the two-phase mixtures at 380 °C for 12 h, followed by
annealing at intended temperatures.
X-ray diffraction (XRD) patterns were collected for all
samples with a PANalytical X’pert PRO X’Celerator diffrac-
tometer using Cu KR radiation. All XRD measurements were
taken in the 2θ range 15-35°, with a slow scanning rate of
step size 0.002653°/s. A high-temperature stage with a furnace
was used with flowing ultrapure N2 for in situ high temperature
(HT) XRD measurements. The heating and cooling rates of the
furnace were 5 °C per minute, and the temperature was held
for 1 h at each step before each measurement.
Bright-field (BF) and dark-field (DF) transmission electron
microscopy (TEM) images were taken with Philips EM420 and
Tecnai F30 instruments, operating at 120 and 300 kV, respec-
tively. Samples were gently ground and dispersed in isopropyl
solvent before being transferred to 3 mm copper grids.
Ultrasonic vibration was also used to decrease agglomeration.
Mo¨ssbauer spectrometry was performed at room temperature
with a conventional constant acceleration system with 57Co (in
Rh) γ-ray source. Velocity and isomer shift calibrations were
performed with reference to the room-temperature R-Fe spec-
trum. Distributions of electric quadrupole splitting (EQ) were
analyzed by the method of Le Cae¨r and Dubois,19 using a linear
correlation between isomer shift and quadrupole splitting.† Affiliated with The Aerospace Corporation.
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Results and Discussion
The XRD patterns of bulk-LiFePO4 and nano-LiFePO4 are
shown in Figure 1a and b, respectively. The XRD pattern of
nano-LiFePO4 shows significant peak broadening in Figure 1b,
and analysis with the Scherrer equation gave a crystal size of
26 nm. After eliminating instrumental contribution, broadening
of XRD peaks has a weak dependence on sin θ, so the
broadening is mostly from the crystal size effect. By comparing
the integrated areas of peaks and backgrounds in the XRD
patterns of bulk-LiFePO4 and nano-LiFePO4, we find the nano-
LiFePO4 to be composed of at least 90% crystalline material.
Mo¨ssbauer spectra (Figure 1c) and electric quadrupole
splitting distributions (Figure 1d) of both bulk-LiFePO4 and
nano-LiFePO4 verified that our nano-LiFePO4 obtained after ball
milling was not contaminated by iron from the milling process.
Furthermore, the spectrum from nano-LiFePO4 was acquired
after air exposure for 1 month. Perhaps owing to agglomeration,
there is little oxidation of the Fe2+, similar to the bulk material.
The surface areas measured by the BET method were 6.6 and
4.7 m2/g for the bulk and nanocrystalline material, respectively,
so the particles of agglomerated nanocrystallites actually had
less surface exposed to air.
Figure 2 shows BF and DF TEM images of bulk-LiFePO4
and nano-LiFePO4. The crystals are agglomerated, but the crystal
sizes are consistent with the XRD results of 26 nm for the nano-
LiFePO4 and 330 nm for bulk-LiFePO4.
Results from in situ XRD at elevated temperatures are shown
in Figure 3 for bulk-Li0.65FePO4 and nano-Li0.65FePO4. The
measurements of Figure 3 started with two-phase mixtures,
identifiable by the two (200) peaks at approximately 2θ ) 17.2
and 18.0°, for example. The series of patterns on the left show
that upon heating the solid solution appears around 210 °C, and
above 330 °C this phase is formed completely. Upon cooling,
Figure 3b shows that the two-phase mixture becomes visible
below 210 °C. When cooled to room temperature, there is a
coexistence of heterosite, triphylite, and the solid solution. The
XRD patterns obtained during heating and cooling of bulk-
Li0.65FePO4 (Figure 3a and b) are consistent with previous
results.2,3 The heating trend is similar for nano-Li0.65FePO4, but
the cooling trend is quite different (Figure 3c and d). Figure 3c
shows that, during heating of nano-Li0.65FePO4, the phase
transformation to the solid solution phase begins around 210
°C and is complete above 290 °C, similar to the results for bulk-
Li0.65FePO4. During cooling, however, the solid solution phase
persists down to room temperature (Figure 3d).
In previous work on bulk-LixFePO4, unmixing upon cooling
occurred when the temperature was decreased below 200 °C.3
In the case of nano-Li0.65FePO4, although the solid solution phase
persisted for many days at temperatures below 200 °C (Figure
3f), we were unable to confirm that it is thermodynamically
stable at these low temperatures. It is possible for the kinetics
to differ between forward and reverse phase transformations,
but the thermodynamics must be the same. If the solid solution
phase were stable thermodynamically, the two-phase mixture
would transform to the solid solution phase at temperatures
below 200 °C. Figure 3e shows that this did not occur until the
temperature exceeded 200 °C. Upon heating, it appears that the
two-phase mixture has similar transformation behavior in both
bulk-Li0.65FePO4 and nano-Li0.65FePO4 (compare Figure 3a and
Figure 3c).
For the nano-Li0.35FePO4, both in situ XRD and long-time
annealing treatments of the two-phase mixtures showed similar
transformations to the solid solution phase (Figure 4a and c).
Figure 1. XRD patterns of (a) bulk-LiFePO4 with 330 nm crystal size
and (b) nano-LiFePO4 with 26 nm crystal size. Crystal structure and
lattice parameters were determined by Rietveld refinement, as shown
by the solid line. (c) Mo¨ssbauer spectra of bulk-LiFePO4 and nano-
LiFePO4 at room temperature. The nano-LiFePO4 was kept for 1 month
at room temperature before measurement. (d) Distribution of electric
quadrupole splitting P(EQ) of bulk-LiFePO4 and nano-LiFePO4, fitted
from part c.
Figure 2. TEM images of (a) the bright-field (BF) of bulk-LiFePO4,
(b) the dark-field (DF) of bulk-LiFePO4, (c) the BF of nano-LiFePO4,
and (d) the DF of nano-LiFePO4.
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As was found for the nano-Li0.65FePO4, once the solid solution
phase formed in the nano-Li0.35FePO4, this phase was relatively
stable against unmixing. Nevertheless, although the in situ XRD
measurements did not show unmixing during cooling (Figure
4b), the long-time annealing showed that the nano-Li0.35FePO4
solid solution undergoes unmixing below 200 °C (Figure 4d).
The solid solution phase of nano-Li0.35FePO4 is not stable
thermodynamically at low temperatures. Both the forward and
reverse transformations indicate a transformation temperature
of around 200 °C for unmixing, nearly the same as for bulk-
Li0.35FePO4 in ref 3. By measurements on more compositions,
the temperature of 200 °C was found to be a eutectoid
temperature for bulk-LixFePO4, and evidently, this feature of
the phase diagram is not changed for LixFePO4 of 26 nm
crystallite size.
All data of Figures 3 and 4 are consistent with different kinetic
effects of unmixing the solid solution in nano-LixFePO4, but
the two-phase mixture has similar thermodynamic stability
compared to the solid solution in both bulk- and nano-LixFePO4.
We note, however, that the present results are consistent with
ideas that the surface structure around the crystallites, perhaps
grain boundaries in agglomerated particles, help to stabilize the
solid solution phase kinetically. The solid solution phase is most
stable in crystallites with a large ratio of surface to crystal
volume. Nevertheless, these suggestions, and evidence for
extended solubility of the heterosite and triphylite phases in
nanostructured materials, are worthy of further studies that test
for stability over very long times.
Conclusion
Nanocrystalline LiFePO4 with the olivine structure (triphylite)
can be formed readily by ball milling. The crystal size as
determined by XRD and TEM was approximately 26 nm. The
crystals agglomerated into larger particles with relatively low
exposed surface area, and were robust against forming Fe3+.
By heating and cooling treatments, followed by XRD measure-
ments (sometimes in situ), it was found that the solid solution
phase of the nano-Li0.65FePO4 material is much more stable than
that for the bulk-Li0.65FePO4. Once formed in nano-Li0.65FePO4,
the solid solution did not unmix at any temperature. On the
other hand, upon heating above 200 °C, the two-phase mixtures
in the nano-LixFePO4 (x ) 0.65 and 0.35) were similarly
unstable against forming the solid solution as were their bulk
counterparts. More significantly, after long-time annealing of
the solid solution of nano-Li0.35FePO4 at temperatures below
200 °C, the material began to unmix into heterosite and
triphylite. There is clearly a kinetic difference between the
mixing and unmixing transformations in bulk-LixFePO4 and
Figure 3. (a-d) In situ HT XRD patterns taken with the same
conditions: (a) bulk-Li0.65FePO4 during heating from 25 to 370 °C and
(b) during cooling back to 25 °C; (c) nano-Li0.65FePO4 during heating
from 25 to 370 °C and (d) during cooling back to 25 °C. XRD patterns
of (e) nano-Li0.65FePO4 two-phase mixture annealed at temperatures
as labeled before quenching to room temperature, and (f) nano-
Li0.65FePO4 two-phase mixture heated to 380 °C for 12 h and held at
temperatures as labeled before quenching to room temperature. The
annealing time at the temperature of the labels was 1 week for all
samples in parts e and f.
Figure 4. (a,b) In situ HT XRD patterns of (a) nano-Li0.35FePO4 during
heating from 25 to 370 °C and (b) during cooling back to 25 °C. XRD
patterns of (c) nano-Li0.35FePO4 two-phase mixture annealed at tem-
peratures as labeled before quenching to room temperature and (d) nano-
Li0.35FePO4 two-phase mixture heated to 380 °C for 12 h and held at
temperatures as labeled before quenching to room temperature. The
annealing time at the temperature of the labels was 1 week for all
samples in parts c and d.
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nano-LixFePO4. The solid solution phase of nano-Li0.65FePO4
is rather stable kinetically against unmixing, perhaps owing to
surface structures around crystallites in materials having more
Fe2+. On the other hand, the equilibrium transformation tem-
peratures are not substantially different for bulk-LixFePO4 and
for nano-LixFePO4 with 26 nm crystallite size.
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